The Kyushu-Palau ridge, a remnant arc on the Philippine Sea Plate, subducts beneath the Eurasian Plate along the westernmost part of the Nankai Trough. A seismic reflection profile on strike line images the ∼70-kmwide Kyushu-Palau ridge where it subducts beneath the toe of the forearc accretionary wedge. The geomagnetic anomaly signature, seafloor topographic features, wide-angle refraction data, and on-land geomorphologic evidence enable us to trace the forearc extension of the subducted ridge up to the east Kyushu. The subducted Kyushu-Palau ridge with excess mass may be relatively buoyant, and thus is more likely to resist subduction upon collision with the overriding plate at depth, leading us to speculate that there is locally large tectonic stress at the contact zone between the subducted ridge and base of the overriding plate. The large stress zone is marked by historic thrust-type intermediate-class (magnitude 6 or 7) earthquakes. The flank regions of the subducted buoyant Kyushu-Palau ridge are more likely to tear and result in slab fracturing when the ridge subducts deeper. We propose that the subducted Kyushu-Palau ridge may serve not only as a seismic asperity at depth but also produce the slab fracture as a seismic barrier inhibiting the rupture propagation of the adjacent megathrust earthquakes in the Hyuga segment.
Introduction
The Nankai Trough subduction zone ( Fig. 1) , where the Philippine Sea Plate (PSP) subducts beneath the Eurasian Plate to the NNW, is known as one of the convergent plate margins best-suited for studying subduction zone earthquakes. The Nankai subduction zone may be divided into several discrete domains (A through D, and Z, Fig. 1 ) marked by the historic megathrust earthquake rupture, each of which roughly corresponds to a geologically well-defined forearc basin (Sugiyama, 1994) . The westernmost domain Z (referred to as Hyuga segment) is distinguished from the other four domains (A through D) from a viewpoint of megathrust earthquake rupture behavior. For instance, while the other four domains have magnitude 8 earthquakes with a recurrence interval of 100-200 years (Ando, 1975) , the domain Z is marked by just magnitude 6 or 7 earthquakes with a recurrence interval of 10-20 years (Shiono et al., 1980) . Such a contrast can result from relatively weak interplate coupling associated with the steeper slope angle of the subducting PSP at domain Z than at the other four domains (e.g., Nishimura et al., 1999) .
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to be one of the major structural features. A bathymetric survey result of project Kaiko (Le Pichon et al., 1987) suggested that the Kyushu-Palau ridge might act as an indenter for the westernmost Nankai Trough margin, and the front of the indenter was situated under the accretionary prism. Yamazaki and Okamura (1989) inferred from bathymetric and magnetic anomaly data that the Kyushu-Palau ridge subducted beneath the forearc wedge of this segment. An Ocean Bottom Seismograph (OBS) wide-angle seismic study (Ichikawa, 1997) , whose survey lines are shown in Fig. 1 , presented crustal velocity structure models of the forearc sedimentary layers showing strong deformation, which may be attributed to the Kyushu-Palau ridge subduction. Geomorphologic observations (Nakada et al., 2002) at the eastern part of Kyushu reported that the Miyazaki Plain ( Fig. 1 ) has been significantly uplifting since the Late Pleistocene, probably due to the Kyushu-Palau ridge subduction. A recent seismic tomography study (Tahara et al., 2008) suggested the subduction of the Kyushu-Palau ridge at ∼30 km depth below the Miyazaki Plain. Despite those several geologic and geophysical inferences, there is little direct evidence such as seismic reflection images, to confirm the Kyushu-Palau ridge subduction. Moreover, the role of the subducting Kyushu-Palau ridge in affecting the Hyuga megathrust earthquakes is poorly understood.
In this paper, we present multichannel seismic (MCS) reflection and geomagnetic data, which reveal the KyushuPalau ridge subducting beneath the Hyuga forearc accretionary wedge. We describe the structural features related to Fig. 1 . Bathymetry map and locations of MCS (black thin; this study) and OBS (black dotted; Ichikawa, 1997) lines in the westernmost Nankai Trough margin off southwest Japan. Inset is a regional tectonic map showing the location of the study area (red box). The Philippine Sea Plate subducts beneath the Eurasian Plate to the northwest with convergence rate ∼4 cm/yr (Seno et al., 1993) . The Nankai subduction zone may be divided into five discrete domains (A through D, and Z) marked by distinct megathrust earthquake ruptures (Ando, 1975; Sugiyama, 1994 the ridge subduction and demonstrate its seismotectonic implications, based on the prestack depth migrated MCS profile, geomagnetic anomaly signature, seafloor bathymetry, and seismicity.
Geophysical and Geologic Constraints on the Kyushu-Palau Ridge Subduction: Data and Interpretation
We have conducted many MCS surveys in the western Nankai Trough subduction zone, using R/V Kairei of the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) since 1998. For deep-penetration seismic imaging, a large volume (∼200 liters) air gun array was used as the controlled sound source. The MCS data recording was done with a 120-channel streamer (3 km long) or 160-channel streamer (4 km long) with 25 m group spacing. Figure 1 shows the positions of the MCS lines in the westernmost Nankai margin. Data processing included trace editing, pre-filtering, spherical divergence correction, signature deconvolution, CMP (Common Mid Point) sort, multiple suppression by parabolic radon transform, and prestack depth migration (PSDM). The velocitydepth model for the PSDM was iteratively constructed by migration velocity analysis (e.g., Liu and Bleistein, 1995) . Wide-angle OBS data (Ichikawa, 1997) guided the velocity analysis.
On PSDM profile KR0114-8 ( Fig. 2) , parallel to the Nankai Trough, a strong reflection from the oceanic crust of the PSP is almost continuously traceable between shot point (SP) 2000 and 5200, as the PSP subducts beneath the forearc accretionary wedge. The subducting oceanic crust shows southwestward deepening down to 10 km depth around SP 2000, which is consistent with southwestward slab tilting suggested by seismicity data (Ishihara and Yoshida, 1992) . A clear décollement reflection is observed between SP 2700 and 5000. The décollement reflection is identified down to ∼7 km depth, implying that the décollement may shift to the top (basal décollement) of the oceanic crust at deeper level and eventually accumulate tectonic stresses between upper and lower plates. This profile reveals an oceanic basement high on the subducting PSP beneath the accretionary wedge between SP 2400 and 3850. The basement high with an irregular surface is characterized by three peaks around SP 2450, 3050, and 3650, which are ∼0.5-1.5 km higher than oceanic crust in the Nanaki Trough. These basement peaks are roughly concordant with seafloor topographic highs, suggesting that the subducted basement might be responsible for the overriding plate deformation. Particularly, the seafloor topographic bulge around SP 3050 is noticeable in that the basement peak below it coincides with positive magnetic anomaly higher than 300 nT (Fig. 3) . Taking into account that the basement high exists on the forearc extension of the Kyushu-Palau ridge seen in the Shikoku Basin, we interpret it as the subducting Kyushu-Palau ridge on the descending PSP. Unfortunately, a similar basement high is not imaged on other MCS profiles on strike lines KR9810-4 and KR0114-9, probably because of poor penetration of seismic waves and/or low acoustic impedance (velocity × density) which may be attributable to the overriding plate deformation suggested by the OBS velocity structure (Ichikawa, 1997). Geomagnetic lineations (GSJ and CCCOGP, 1996) of the Shikoku Basin are continuously identified beneath the forearc wedge toward Shikoku Island beyond the deformation front of the Nankai Trough margin (Fig. 3) . Geomagnetic lineations beneath the forearc wedge have been commonly documented in various convergent plate margins, for instance, Chile Trench (Yanez et al., 2001) and Kuril Trench (Yamazaki and Okamura, 1989) . Such a geomagnetic anomaly signature helps us trace the forearc extension of the Kyushu-Palau ridge identified on the MCS profile. The geomagnetic lineation of the Kyushu-Palau ridge is continuously recognized from Shikoku Basin to east Kyushu through the forearc region (Fig. 3) . Interestingly, the magnetic lineation zone is roughly consistent with the forearc area of the intense crustal deformation inferred from the OBS crustal velocity models on lines 3 and 4 (Ichikawa, 1997), which suggests that the subducted Kyushu-Palau ridge preserving the magnetic anomaly signature may be responsible for the forearc wedge deformation.
The forearc area overlying the inferred subducting Kyushu-Palau ridge (Fig. 1) shows disturbed seafloor topography compared with the forearc wedge off Shikoku Island, supporting a causal relationship between the ridge subduction and the forearc deformation in the Hyuga segment. Particularly, the bathymetric data (Fig. 1) show a remarkable seafloor reentrant structure immediately south of the MCS line KR0114-8, whose feature is in good agreement with that from sandbox modeling result (Dominguez et al., 2000) of seamount or ridge subduction beneath accretionary wedge. In combination of the MCS reflection profile, geomagnetic signature, seafloor topographic features, wide-angle OBS refraction profiles (Ichikawa, 1997), and on-land geomorphologic evidence (Nakada et al., 2002) , we infer that the ∼70-km-wide subducted Kyushu-Palau ridge influences at least up to the eastern part of Kyushu arc through the forearc wedge, as seen in Figs. 1 and 3. 
Discussion: Implications for the Hyuga Megathrust Earthquake Rupture
In addition to its importance to forearc deformation, the subducted Kyushu-Palau ridge seems to be related to seismotectonics in the Hyuga segment. There are many arguments on the possible effect (i.e., either seismic asperity or barrier) of subducting bathymetric features such as seamounts or ridges. While some regard those as seismic asperities in various convergent plate margins, for example, Costa Rica margin (von Huene et al., 2000; Bilek et al., 2003) , Java Trench (Abercrombie et al., 2001), Tonga Trench (Christensen and Lay, 1988) , and Peru-Chile Trench (Spence et al., 1999) , others discuss their roles as seismic barriers in the Nankai Trough (Kodaira et al., 2000; Park et al., 2003) . The Kyushu-Palau ridge in the Hyuga segment provides a unique opportunity to discuss these effects from both viewpoints.
Seismic asperity
Megathrust earthquake rupture in subduction zones is highly influenced by seafloor bathymetric features such as oceanic fracture zones, seamounts, and ridges, which are more likely to increase local coupling where these features subduct. Scholz and Small (1997) considered that the subduction of a large seamount will increase the normal stress across the subduction interface and hence will enhance seismic coupling. Cloos (1992) viewed that subducting basaltic seamounts may act as the kind of seismic asperity (region of high moment release) whose rupture commonly causes thrust-type earthquakes at convergent plate margins. He speculated that the earthquakes might be nucleated where basaltic seamounts are jammed against the top of the shear zone at the base of the overriding plate. In contrast, recent seismic surveys in the Japan Trench suggests that interplate coupling is weak over a large seamount which is being subducted near a region of repeating earthquakes of magnitude ∼7 . A large rupture area occurred in front of the seamount subducted beneath the Japan Trench margin.
In the Hyuga segment, the Kyushu-Palau ridge may be a complex of closely spaced isolated seamounts, rather than a uniformly elongate body with the same height, as seen in the bathymetry (Fig. 1) . The subducted Kyushu-Palau ridge with excess mass may be relatively buoyant (e.g., Kelleher and McCann, 1976) , and thus is more likely to resist subduction upon collision with the overriding plate at depth, inducing tectonic stresses. Most of the thrust-type intermediate-class (magnitude 6 or 7) earthquakes that occurred in the Hyuga segment since 1960's appear to have been concentrated in and around the forearc area overlying the inferred subducting Kyushu-Palau ridge, as seen in Figs. 1 and 4 . For example, a precise source process study (Yagi et al., 1999) on recent two 1996 thrust-type earthquakes (M s = 6.7) whose epicenters are definitely located in the inferred Kyushu-Palau ridge zone, indicates that they have apparently occurred along the plate boundary at ∼10-20 km depth. We speculate that there is locally "large tectonic stress" (Fig. 4) at the contact zone between the subducted Kyushu-Palau ridge and base of the overriding plate at depth, in which the historic thrust-type earthquakes occur to relax the accumulated stresses. The large stress zone could be in front of a possible, isolated seamount belonging to the Kyushu-Palau ridge. Assuming that a zone of positive magnetic anomaly between OBS lines 3 and 4 corresponds to the isolated seamount (Fig. 3) , as in case of the MCS profile KR0114-8 or along the Zenisu ridge (Le Pichon et al., 1996) , three thrust-type earthquakes of magnitude 6 to 7 might occur in front of the seamount. Moreover, background seismicity concentrates in front of the seamount, rather than over it. A study on shear stress field in the Hyuga segment suggested from OBS observations that south region including the Kyushu-Palau ridge has higher shear stress than north region (Uehira, 2007) . We propose that the subducted Kyushu-Palau ridge might serve as seismic asperity in the Hyuga segment.
Seismic barrier
It is noticeable that coseismic rupture (Yagi et al., 1998 ) of the 1968 Hyuga earthquake (M = 7.5), which is recorded as the largest thrust-type earthquake that has ever occurred in the Hyuga segment, has failed to propagate over the northeast flank of the subducted Kyushu-Palau ridge (Fig. 4) . Yagi et al. (1998) suggested that a slab fracture might inhibit the 1968 Hyuga earthquake rupture propagation. Background seismicity observations (e.g., Nagamune and Tashiro, 1989; Kakuta et al., 1991; Ishihara and Yoshida, 1992) support the presence of a similar fracture in the Hyuga segment, which is characterized by low intraslab seismicity. However, the slab fracturing mechanism has been poorly understood.
We note from the MCS profile (Fig. 2) that the elevation of the ridge is higher than that of the Nankai Trough oceanic crust. The subducted Kyushu-Palau ridge with excess mass may be relatively buoyant, and thus its adjacent slab is more likely to tear and result in such a slab fracture when it subducts deeper, as in the case of the Carnegie ridge subduction in the North Andean margin (Gutscher et al., 1999) . The inferred northwest Kyushu-Palau ridge off east Kyushu (Fig. 4) , which is characterized by a background seismicity cluster, is located immediately west of the 1968 Hyuga coseismic slip. The seismicity cluster enables us to separate the Kyushu-Palau ridge region from the 1968 coseismic rupture region. We propose that a northeast flank region of the subducted Kyushu-Palau ridge is eligible for the slab fracture. The slab fracture owing to the buoyant Kyushu-Palau ridge subduction might play a role as a seismic barrier interfering with coseismic rupture propagation of the megathrust earthquakes in the Hyuga segment.
Conclusions
A seismic reflection profile on strike line reveals the ∼70-km-wide Kyushu-Palau ridge that subducts immediately beneath the forearc accretionary wedge in the Hyuga segment, the westernmost Nankai subduction zone. Geomagnetic anomaly signature, seafloor topographic features, and previous wide-angle refraction data and on-land geomorphologic evidence enable us to trace the forearc extension of the subducted ridge up to east Kyushu. The subducted KyushuPalau ridge with excess mass may be relatively buoyant, and thus is more likely to resist subduction upon collision with the overriding plate at depth in the Hyuga segment. The historic thrust-type intermediate-class earthquakes at the forearc area overlying the inferred subducting KyushuPalau ridge suggest that there may be locally large tectonic stress at the contact zone between the subducted ridge and base of the overriding plate, which often allows a high moment release. The flank regions of the subducted buoyant Kyushu-Palau ridge are more likely to tear and result in the slab fracturing when the ridge subducts deeper. The subducted Kyushu-Palau ridge may serve not only as a seismic asperity at depth, but also produce the slab fracture as a seismic barrier inhibiting coseismic rupture propagation of adjacent megathrust earthquakes, for instance, as in case of the 1968 Hyuga earthquake (M = 7.5).
